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TAPERED FIBER LASER 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates generally to optical ampli 
?ers and lasers, and in particular to ?ber lasers. 

2. Technical Background 
Optical ?ber is increasingly becoming the favored trans 

mission medium for telecommunications due to its high 
capacity and immunity to electrical noise. Silica optical ?ber 
is relatively inexpensive, and When fabricated as a single 
mode ?ber can transmit signals in the 1550 nm band for 
many kilometers Without ampli?cation or regeneration. 
HoWever, a need still exists for optical ampli?cation in many 
?ber networks, either because of the great transmission 
distances involved, or the optical signal being split into 
many paths. 

Erbium-doped ?ber ampli?ers (EDFAs) have been found 
quite effective in providing the required optical gain. As 
illustrated schematically in FIG. 1, a conventional EDFA is 
interposed betWeen an input transmission ?ber and an output 
transmission ?ber 14. Both transmission ?bers 12, 14 need 
to be single-mode, because higher-order modes exhibit 
much greater dispersion (typically the limiting factor for the 
?ber transmission distance at high data rates). The EDFA 
includes a length (on the order of tens of meters) of an 
erbium-doped silica ?ber 16, as is Well knoWn in the art. The 
doped ?ber 16 should also be single-mode in order to 
maintain the transmission signal integrity. The doped ?ber 
16 is optically active due to the presence of Er3+ ions, Which 
can be excited to higher electronic energy levels When the 
doped ?ber 16 is pumped by a strong collinearly 
propagating optical pump signal. Typically, an optical pump 
source 18 inputs the pump signal into the doped ?ber 16 
through a pump source ?ber 20 coupled to either the 
undoped upstream ?ber or the doped ?ber 16 through a 
Wavelength-selective directional coupler 22, but doWn 
stream coupling is also knoWn. Again, for integrity of the 
transmission signal, the pump source ?ber 20 should be 
single-mode. An operative EDFA may contain some addi 
tional elements (such as an isolator) Which are Well knoWn 
to the art but not relevant to the understanding of the 
background of the present invention. 

Conventionally, one typical pump source 18 has been an 
edge-emitting semiconductor laser that includes a 
Waveguide structure (in What is called a “stripe” structure) 
that can be aligned With the single-mode pump source ?ber 
20 to provide effective poWer coupling. HoWever, this 
approach has failed to keep up With modern ?ber transmis 
sion systems incorporating Wavelength-division multiplex 
ing (WDM). In one approach to WDM, a number of inde 
pendent lasers inject separately-modulated optical carrier 
signals of slightly different Wavelengths into the transmis 
sion ?ber 12. The EDFA has suf?cient bandWidth to amplify 
carrier signals Within about a 40 nm bandWidth. A large 
number of multiplexed signals to be ampli?ed require in 
aggregate a proportionately large amount of pump poWer. 
Over the past decade, the number of WDM channels pref 
erably utiliZed in a standard netWork has increased from 
about four to current levels of forty or more, but at best the 
output poWer from a single-stripe laser source has only 
doubled. Derivative designs such as a master oscillator 
poWer ampli?er (a single-mode stripe folloWed by a broad 
stripe ampli?er) or ?ared-semiconductor devices are capable 
of producing more than one Watt of optical output poWer, but 
many of these designs have been subject to reliability 
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2 
problems (such as back-facet damage caused by feedback) 
that have hindered their practical deployment as ?ber ampli 
?er pumps. 

Another approach uses WDM technology to combine 
pump signals. Multiple single-stripe lasers are designed to 
emit light at narroWly-spaced Wavelengths, usually Within 
the Wavelength bands of 970—990 nm or 1460—1500 nm. 
Wavelength-dependent directional couplers combine these 
multiple optical Waves into a single (someWhat broadband) 
pump signal. While this approach increases the poWer 
available for optical ampli?ers, it greatly adds to the com 
plexity of the pump source, and requires additional compo 
nents such as thermoelectric coolers, ?ber gratings, and 
directional couplers. As a result, this approach increases 
cost. 

An alternative approach for high-poWer pump lasers has 
involved ?ber lasers that are pumped through their cladding. 
That is, a large outer cladding supports the pump signal from 
a primary pump source, and an inner cladding supports a 
single-mode output signal that is used as the secondary 
pump source for the EDFA. The core is typically doped to 
provide lasing capability. Typically, a neodymium- or 
ytterbium-doped double-clad ?ber is pumped With a high 
poWer diode optical source (at 800 nm or 915 nm) to 
produce a single transverse mode (at 1060 nm or 1120 nm, 
respectively). One of these modes then pumps a cascaded 
Raman laser to convert the Wavelength to around 1480 nm, 
Which can then pump erbium. To date, such a design by itself 
(that is, Without an additional Raman oscillator) does not 
produce an output in any of the appropriate absorption bands 
for EDFAs. 

Double-clad ?ber lasers offer superior performance for 
four-level lasing (that is, Where the lasing occurs in a 
transition betWeen tWo excited states). In such a case, the 
doped core is still transparent at the laser signal Wavelength 
When not being pumped. As a result, the poWer threshold for 
lasing depends essentially on the dimensions of the doped 
core, and the background loss in the ?ber over the pump 
absorption length. HoWever, ytterbium and neodymium ions 
(Yb+3 and Nd+3) provide three-level lasing systems at 
around 980 nm and 940 nm, respectively. In a three-level 
system, the lasing occurs from an excited level to either the 
ground state or a state separated from it by no more than a 
feW kT (that is, thermally mixed at operating temperature). 
As a result, an unpumped doped core strongly absorbs at the 
laser Wavelength, and the lasing poWer threshold can 
become a problem. 

Ytterbium has offered much promise as a pump for 
high-poWered EDFAs. It is Well knoWn that Yb3+ ions 
exhibit gain in a narroW 6 nm-Wide three-level transition at 
976 nm, and in a broad quasi-three-level transition peaked at 
1030 nm (but extending as far as 1140 nm). The latter 
transition requires a population inversion of only a feW 
percent for transparency, While the former requires at least a 
?fty-percent inversion. 

Thus, a source based on the 976 nm Yb+3 transition has 
long been suggested as a pump for EDFAs. HoWever, a 
single-stripe diode laser remains the most ef?cient pump 
structure. The problem potentially lies in the relationship 
betWeen the gains in the tWo transitions and the pump 
absorption. As a representative example, the gains at the tWo 
Wavelengths in Yb-doped germano-alumino-silicate glass 
(assuming homogeneous broadening) are related by the 
equation: 
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PS (1) 
G1030 = 0.25Gq76 + 0.7411121? 

P 

Where G1030 and G976 are the gains at 1030 nm and 976 nm, 
respectively, otp is the partially-bleached absorption in deci 
bels (dB), and 175 and 171, are the respective overlap factors 
of the signal mode and pump mode With the dopant pro?le. 

Double-clad ?bers alloW coupling from diode bars and 
other similar active structures. HoWever, this is accom 
plished by a greatly-reduced pump overlap With the doping 
pro?le relative to the signal overlap, since the doping needs 
to be con?ned in or close to the signal core in order to obtain 
sufficient optical gain for the core mode at the signal 
Wavelength. Typically, the core is uniformly doped, and the 
area ratio betWeen the pump Waveguide and the signal core 
is on the order of 100:1. As a result, rszl and FP<0.01. 
Using these values in Equation (1), each 1 dB of pump 
absorption produces about 74 dB of gain at 1030 nm. Even 
With Weak pumping, ampli?ed spontaneous emission (ASE) 
at 1030 nm Will saturate the ampli?er and prevent a buildup 
of the population inversion necessary for lasing at 976 nm. 
In fact, even Without an optical cavity, lasing at the longer 
four-level Wavelengths is possible from the backscatter. 
Hence, high pump absorption Will favor gain at 1030 nm or 
longer even if the laser mirrors are tailored to 976 nm. 

If the ?ber laser uses a single-clad ?ber With both the 
pump and lasing signal con?ned to the one core, the ratio of 
the tWo overlap functions approaches unity, and the 976 nm 
transition can be selected simply by limiting the ?ber length 
so that insuf?cient gain eXists for lasing at 1030 nm and 
longer. For a typical ?ber laser With a round-trip end loss of 
about 14 dB (due to four percent re?ectance at the cleaved 
output facet), 15 dB of pump absorption Will cause the 976 
nm transition to lase, but not the 1030 nm transition. 
HoWever, this solution does not address the need to produce 
high output poWer into a single-mode ?ber. 

It is thus desirable to ?nd a more ef?cient method of 
pumping the 976 nm transition in an ytterbium-doped ?ber 
ampli?er. 

SUMMARY OF THE INVENTION 

The present invention may be summarized as a ?ber (or 
other dielectric Waveguide) laser pumpable by a diode laser 
of potentially large siZe. The ?ber laser includes an optical 
?ber doped With an ion such as neodymium (Nd3+) or 
ytterbium (Yb3+) Which can be optically pumped. The 
optical ?ber includes a ?rst section receiving the pump light 
and being multi-mode to the resultant lasing radiation. The 
multi-mode ?rst section is connected to a second section 
having a core of decreasing diameter extending aWay from 
the ?rst section so as to adiabatically decrease the funda 
mental mode spot siZe. The second section may be con 
nected to a single-mode ?ber to output the lasing light. 
Because the fundamental mode spot siZe of the multi-mode 
?ber or of the ?rst section is not the same as the fundamental 
mode spot siZe of the single-mode ?ber or of the second 
section, mode transformation occurs and is taught by the 
present invention. 

Alternatively, the tapered section can be replaced (in full 
or in part) by a junction betWeen tWo ?bers forming the 
multi-mode and single-mode sections, both designed to 
provide equal diameters for the loWest-order mode at the 
junction. 

The invention also applies these same concepts to other 
shapes of dielectric Waveguides, Whether freestanding or 

10 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

4 
formed on a substrate. A representative eXample is a rect 
angular planar Waveguide With an aspect ratio matching that 
of the diode laser pumping the laser. 
The invention is particularly advantageous When used as 

a pump source for an erbium-doped ?ber ampli?er (EDFA), 
such as may be found in single-mode ?ber optic communi 
cation netWorks or systems. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic illustration of a prior art erbium 
doped ?ber ampli?er (EDFA) used in a typical ?ber optic 
telecommunications system; 

FIG. 2 is a schematic cross-sectional vieW of a fully 
tapered ?ber laser according to the present invention; 

FIG. 3 is a graph depicting the relationship betWeen the 
core diameter, pre or post tapered, and maXimum taper angle 
alloWed Without permitting mode mixing; 

FIG. 4 is a schematic illustration of a pump source 
utiliZing a tapered ?ber laser of the present invention; 

FIG. 5 is a cross-sectional vieW of an alternate stepped 
embodiment of the present invention; 

FIG. 6 is a cross-sectional vieW of an alternate partially 
tapered embodiment of the present invention; 

FIG. 7 is a perspective vieW of an alternate embodiment 
of the present invention incorporating a planar Waveguide 
formed on a substrate; 

FIG. 8 is a graph of lasing threshold poWer for a number 
of Waveguides having differing aspect ratios as a function of 
their numerical aperture; 

FIG. 9 is a schematic representation of a brightness 
converter or optical pump source 18 of FIG. 1 according to 
the present invention; 

FIG. 10 is a schematic representation of a tapered mode 
converter 30 used as the mode transformer 300 of FIG. 9 
according to the present invention; 

FIG. 11 is a schematic representation of a coupler 400 
used as the mode transformer 300 of FIG. 9 according to the 
present invention; 

FIG. 12 is a representation of the formation of the tapered 
mode converter 30 of FIG. 10 by provision of a multi-mode 
?ber into a tube before the taper is formed, according to the 
present invention; 

FIG. 13 is a representation of the formation of the tapered 
mode converter 30 of FIG. 10 by heating and diffusing the 
multi-mode ?ber and the tube outside to form the taper, 
according to the present invention; 

FIG. 14 is a graph of the indeX pro?le of the ?ber before 
and after tapering, shoWing hoW the heating, tapering, and 
diffusing loWers the peak indeX and loWers the NA, accord 
ing to the present invention; 

FIG. 15 is a side vieW of a monolithic poWer coupler 
embodiment of the optical eXciter 70 of FIG. 9, according to 
the present invention; 

FIG. 16 is a top vieW of the monolithic poWer coupler 
embodiment of the optical eXciter 70 of FIG. 9, according to 
the present invention; 

FIG. 17A is a side vieW of a crossed-cylinder poWer 
coupler embodiment of the optical eXciter 70 of FIG. 9, 
according to the present invention; 

FIG. 17B is a top vieW of the crossed-cylinder poWer 
coupler embodiment of the optical eXciter 70 of FIG. 9 and 
of FIG. 17A, according to the present invention; 

FIG. 17C is a perspective representation of the crossed 
cylinder poWer coupler embodiment of the optical eXciter 70 
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of FIG. 9 and of FIG. 17A, used With the mode converter 30 
of FIG. 13, according to the present invention; 

FIG. 18 is a representation of a ?ber-optic coupler 
embodiment of the optical exciter 70 of FIG. 9, used With the 
mode converter 30 of FIG. 13, according to the present 
invention; 

FIG. 19 is a side vieW of a planar Wedge version of the 
lens pro?le, according to the present invention; 

FIG. 20 is a side vieW of a double-Wedged version of the 
lens pro?le, according to the present invention; and 

FIG. 21 is a side vieW of a multiple-Wedged version of the 
lens pro?le, according to the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

The optically-active ?ber, ?ber ampli?er, ?ber laser, or 
dielectric Waveguide laser of the present invention is shoWn 
in FIGS. 2 and 4—7, and is generally described and depicted 
herein With reference to several exemplary or representative 
embodiments With the same numbers referenced to the same 
or functionally similar parts. 

Referring particularly to FIG. 1, erbium-doped ?ber 
ampli?ers (EDFAs) are knoWn to the art and are effective in 
providing the required optical gain Within Wavelengths 
operational for telecommunications or digital signal 
processing applications. As illustrated schematically in FIG. 
1, a conventional EDFA is interposed betWeen an input 
transmission ?ber and an output transmission ?ber 14. Both 
transmission ?bers 12 and 14 are preferably single-mode, 
because higher-order modes exhibit much greater dispersion 
(typically the limiting factor for the ?ber transmission 
distance at high data rates). The EDFA includes a length (on 
the order of tens of meters) of an erbium-doped silica ?ber 
16, as is Well knoWn in the art. The doped ?ber 16 should 
preferably also be single-mode, in order to maintain the 
transmission signal integrity. The doped ?ber 16 is optically 
active due to the presence of Er3+ ions or other rare-earth 
metals, Which can be excited to higher electronic energy 
levels When the doped ?ber 16 is pumped by a strong 
collinearly-propagating optical pump signal. Typically, an 
optical pump source 18 inputs the pump signal into the 
doped ?ber 16 through a pump source ?ber 20 coupled to 
either the undoped upstream ?ber 12 or the doped ?ber 16 
through a Wavelength-selective directional coupler 22, but 
doWnstream coupling is also knoWn. Again, for integrity of 
the transmission signal, the pump source ?ber 20 should 
preferably be single-mode. An operative EDFA may contain 
some additional elements (not shoWn) Which are Well knoWn 
to the art but not relevant to understanding the background 
of the present invention. 

One typical pump source 18 is an edge-emitting semi 
conductor laser that includes a Waveguide structure (in a 
“stripe” structure or con?guration) that can be aligned With 
the single-mode pump source ?ber 20 to provide effective 
poWer coupling. 
As suggested above, ef?cient coupling betWeen a large 

multi-mode pump source and a single-mode ?ber laser can 
be facilitated according to the present invention by including 
both single-mode and multi-mode sections Within the optical 
cavity of a ?ber laser. 
As illustrated in the cross-sectional vieW of FIG. 2, an 

input side of a tapered ?ber ampli?er 30 is irradiated With a 
pump signal at Wavelength AP. The input side includes a 
length LMM of doped multi-mode ?ber 32, preferably for our 
stated purposes doped With ytterbium ions (Yb3+). The 
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6 
multi-mode ?ber 32 includes a core 34 and a cladding 36. No 
attempt has been made to accurately illustrate their relative 
diameters. Also, it is possible to use air (n=1) as the 
cladding. The output side includes a length of single-mode 
?ber 40, also composed of a core 42 and a cladding 44. The 
single-mode length is relatively unimportant beyond its 
being very long compared to the Wavelengths involved so 
that any higher-order modes are adequately attenuated over 
its length. In most circumstances 1 cm of single-mode length 
is more than adequate. The multi-mode section 32 is joined 
to the single-mode section 40 through an adiabatically 
tapered section 48 composed of a core 52 and a cladding 54. 
The tapered section 48 has a length LT, but a more relevant 
parameter is a taper angle GTWhich is of the order of tens of 
milliradians (1/z°), as Will be discussed later. 
As is Well knoWn, if a ?ber is beloW a certain diameter it 

can support only a single transverse mode. Above that 
diameter, tWo or more transverse modes are supported. The 
larger the diameter, the larger the number of modes. For a 
simple optical ?ber having a core of refractive index name 
and having a thick cladding of refractive index nclad, the 
maximum core diameter dSM supporting only a single mode 
is given by the equation: 

2.405/\ 

2 _ 2 7W "core "clad 

(2) 

The relevant wavelength A is that of the lasing light, Which 
is 976 nm for a Yb3+-doped ?ber. Optical ?bers of other 
designs have more complicated cross sections including 
additional layers at the core-cladding transition or a con 
tinuously graded refractive index across the transition. 
Numerical solutions for the maximum single-mode diameter 
are available for some of these. For others, Whether the ?ber 
supports one or more transverse modes at a particular 
Wavelength can be determined experimentally. 

The tapered ?ber laser 30 includes tWo mirrors 60, 62 
de?ning the input and output ends respectively of the optical 
cavity. The multi-mode section 32, the tapered section 50, 
and the single-mode section 40 are all included Within the 
optical cavity. The input mirror 60 is made highly transmis 
sive to an optical pump signal 64 at the pump Wavelength KP 
and highly re?ective at the signal (lasing) Wavelength )ts of 
the output signal 66 While the output mirror 62 is made 
partially re?ective (partially transmissive) at the signal 
Wavelength KS. For ?ber lasers, it is possible to use a cleaved 
output facet as the output mirror. Even its 4% re?ectance 
across an air gap to a butt coupled output ?ber 74 of FIG. 4 
is suf?cient to de?ne the optical cavity. Thereby, the pump 
signal 64 is ef?ciently admitted into the optical cavity at the 
input mirror 60, an optical cavity is de?ned betWeen the 
mirrors 60, 62, and some of the standing Wave in the optical 
cavity is alloWed to pass through the output mirror 62. 

Although interference ?lters can be used as one or both of 
the end mirrors 60, 62, Bragg grating re?ectors are conven 
tionally Written directly onto ?bers by UV patterning. If the 
single-mode section 40 is fusion spliced to the output ?ber 
74, a loW-re?ectivity grating or a 4% re?ection from a 
doWnstream pigtail can provide feedback. Laser ef?ciency is 
relatively insensitive to output coupling unless the cavity has 
high loss. It is further possible to discriminate against the 
1030 nm mode by making one of the end re?ectors prefer 
entially transmissive to 1030 nm, but such discrimination is 
not necessary if the ?ber length is limited so that insuf?cient 
gain exists for lasing at 1030 nm and longer, as has been 
discussed in the background section for single-mode ?ber 
lasers. 
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For the preferred ytterbium ?ber laser, the signal Wave 
length KP equals the 976 nm Yb3+ transition. The pump 
signal may be provided by AlGaAs or InGaAs broad stripes, 
arrays, or diode bar emitting at a Wavelength shorter than 
976 nm but Within the ytterbium absorption band. The 
practical pump band extends from 850 to 970 nm With a 
more preferred range being 910—930 nm and a most pre 
ferred range being 915—920 nm. The precise values of these 
bands and the lasing Wavelength may shift by a feW nanom 
eters depending upon the dielectric host. 

The tapered section 50 acts as a cutoff ?lter passing the 
loWest-order mode but blocking any higher-order mode. It is 
important that the taper angle 0T be kept small enough that 
the loWest-order mode passes through the taper Without 
being mixed into other modes as the mode siZe shrinks from 
the siZe of the multi-mode ?ber to the siZe of the single 
mode ?ber. This condition is called adiabatic coupling. 
Thereby, only the fundamental mode is coupled into the 
single-mode section With minimum loss of poWer. Also 
importantly, adequate loWest-order feedback from the output 
mirror 62 back into the multi-mode section 32 causes the 
multi-mode section 32 to lase only in the fundamental mode, 
thus greatly conserving poWer. 

Tapered optical ?bers have previously been proposed to 
expand the mode ?eld diameter coming from a single-mode 
?ber. That is, up-tapered ?bers are knoWn. These devices 
have been shoWn to operate With loW loss, that is, With 
negligible coupling to higher-order modes up to spot siZes of 
50 pm. The V-value at this spot siZe is approximately 30 for 
a typical 0.2NA (numerical aperture) ?ber, and this V-value 
corresponds to about 500 guided modes supported in the 
multi-mode ?ber. The limiting factor is mode coupling 
betWeen the LPO1 mode and the LPO2 mode. This coupling 
can be kept to negligible values provided that the local taper 
angle 01(Z) be 

27F 61(1) 

,301 — ,302 

(3) 

Where [301 and [302 are the propagation constants of the LPO1 
and LPO2 modes and a(Z) is the local core radius. The 
propagation constants vary strongly With the core radius 
resulting in the limiting taper angle Glmax in milliradians 
plotted as a function of core diameter dcore in FIG. 3 for a 
0.6NA ?ber. Clearly, the condition becomes stricter as the 
?ber diameter increases, but even at 50 pm, it is still 3.8mR 
(0.218 degree). The Worst condition occurs for the core 
diameter of the multi-mode section. A constant taper over as 
short a length LT as 5 mm Will shoW negligible loss to other 
modes. A parabolic rather than linear taper produces the 
shortest adiabatic length. 

Minute imperfections in the multi-mode ?ber Will cause 
some mode mixing from the fundamental to the higher-order 
modes. This type of mode mixing can be reduced by heavily 
doping the ?ber With either Yb3+ or neodymium (Nd3+). In 
highly doped ?bers, L <<L Where Labs is the absorp abs max’ 

tion length (inverse to doping concentration) and L is the 
length corresponding to signi?cant mode coupling due to the 
minute imperfections, the doping or ?ber length is chosen 
such that absorption length nearly equals or is someWhat less 
than the length of the multi-mode ?ber, LabSzLMM. If the 
multi-mode ?ber Were substantially longer, LMM>>LabS, 
lasing at 1030 nm Would be favored, as Was previously 
discussed. A length of no more than several centimeters is 
possible. An absorption of 15 dB in the multi-mode ?ber 
means that a large fraction of the pump poWer is absorbed. 
This amount of absorption corresponds to about ?ve absorp 
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8 
tion lengths, that is, LMMé 5L 
length LMM shorter than 5L 
poWer against threshold. 

The illustration implies that the three sections 32, 50, 40 
are draWn from a common doped preform. HoWever, dif 
ferent ?bers may be spliced together to form the illustrated 
structure. Because the pump light is mostly absorbed in the 
multi-mode section 32, only that section needs to be doped 
to absorb the pump light and provide the excitable states. 
Indeed, even the multi-mode section 32 can be divided into 
a doped and an undoped section. 

abs. In practice, We may use a 

to trade off unabsorbed pump 

The most likely loss of the loWest-order mode is caused 
by coupling into higher-order modes at the end of the 
multi-mode section 32 next to the input mirror 60 as a result 
of an imperfect end face angle. For a 50m spot siZe, roughly 
the core diameter, a tolerance of 10.23 degree is required to 
achieve less than 1 dB loss from the loWest-order mode. This 
tolerance is obtainable by careful cleaving or polishing. 

This design alloWs the major part of the optical gain to be 
obtained in the Wide multi-mode section 32, particularly 
When the multi-mode length LMM is made longer than the 
absorption length Labs at the pump Wavelength KP, that is, 
longer than 1/otp. HoWever, the output of the tapered ?ber 
laser is a single, fundamental mode. 

As illustrated in the schematic vieW of FIG. 4, the similar 
aspect ratios of the diode laser 72 and of the input of the 
multi-mode section 32 (both vertically or horiZontally 
aligned alike) alloWs a lens or ?ber-optic coupler, optical 
exciter, or other beam shaper or focusing element 70 of FIG. 
4 to focus the relatively large-siZe output of a Wide stripe or 
“broad area” laser diode 72 or even a diode bar into the Wide 
multi-mode core of the tapered ?ber laser 30. The optical 
characteristics of a broad stripe laser may be good enough to 
alloW direct coupling into the multi-mode ?ber. A single 
mode ?ber 74 is butt coupled to the output end of the 
single-mode section 40. If the tapered ?ber laser 30 is being 
used as a pump source for an EDFA or other doped optical 
ampli?er, the single-mode ?ber 74 is the pump ?ber 20 of 
FIG. 1. 

The inclusion of the multi-mode ?ber Within the optical 
cavity avoids the problems of preferential lasing of 1030 nm 

radiation as discussed above With respect to Equation That is, the ?ber has only a single core and cladding and the 

overlap ratio 175/171, is close to unity. Almost all the optical 
gain can be con?ned to the multi-mode section 32 by 
requiring its length LMM be greater or at least not substan 
tially less than the absorption length LabS=1/otp. Since the 
lasing predominantly occurs in the multi-mode ?ber, the 
threshold poWer for lasing is increased over What it Would be 
for a much smaller single-mode ?ber. 

Preferably, the core 34 of FIG. 2, for example, is doped 
With optically excitable ions to form overlap factors I75 and 
171, of the signal mode and pump mode With the dopant 
pro?le such that the overlap ratio 175/171, is betWeen 0.1 and 
10, and more preferably and usable betWeen 0.2 and 5. Such 
overlap ratios should prevent loW area ratio clad-pumping 
While alloWing the dopant to be con?ned to the multi-mode 
core 34. 

Since almost all of the gain is obtained in the multi-mode 
?ber, the poWer threshold for lasing is increased over What 
it Would be for single-mode ?ber. The threshold poWer P, 
scales in proportion to the core area and the length of the 
device. It is Well approximated by: 














